A B S T R A C T Liposomes were used as model targets to test the effect of immunoglobulins on biomembranes. Heat-aggregated immunoglobulins (Ig) exceeded native immunoglobulins in their capacity to release anions and glucose from model liposomes (either lecithin-dicetylphosphate-cholesterol or lecithin-stearylamine-cholesterol in molar ratios of 7: 2: 1). This interaction was not dependent upon the presence of cholesterol in the membrane. Mild heat-aggregation (10 min at 61.50C) increased the membrane-perturbing activity of certain 1g. Activity varied among classes and subclasses: IgG > pooled IgG > IgG4> IgA, > IgGs. IgG2, IgA2 and IgM were inert. Fc fragments of IgG were as active as IgGi, whereas Fab fragments were inactive. Prolonging aggregation to 60 min destroyed the activity of 1g. Membrane-activity could not be induced in non-Ig molecules (such as bovine serum albumin) by 10 or 60 min heat-aggregation. Density gradient centrifugation of IgG, molecules indicated that membrane perturbing activity was associated with 15-20-s aggregates. Sepharose 4B chromatography demonstrated preferential interaction between cationic membranes and aggregated Ig, whereas anionic membranes interacted nonselectively with both native and aggregated Ig via salt-like interactions. One explanation for these data is that heat aggregation induces a conformational change in the Fc regions of certain Ig permitting them to interact with liposomes, presumably by enhancing their hydrophobic associations with membrane phospholipids.
INTRODUCTION
Mechanisms of interaction between immunoglobulins (Ig)' and biomembranes are pertinent to at least two Received for publication 20 July 1973 and in revised form 10 September 1973. 'Abbreviations used in this paper: BSA, bovine serum albumin; Ig, immunoglobulin (s); PBS, phosphate-buffered saline.
areas of immunology. The first is the triggering of B cells by the interaction of antigen with surface immunoglobulins of lymphocyte membranes. Ig of various classes and subclasses have been localized on the surface of B lymphocytes (1, 2) , are synthesized by these cells, can be removed by trypsin, and are not replaced by exposing the cells to fresh serum (1) . The second is the specific interaction of immunoglobulins with the surfaces of several types of cells, which, in the case of phagocytes, are stimulated by this encounter to ingest immune complexes or coated particles. This second type of interaction has been postulated to occur between externally derived Ig and discrete "receptor" sites on cell membranes; such sites are insensitive to treatment with trypsin (3) (4) (5) . Receptors for immunoglobulins are found on monocytes (6) (7) (8) , macrophages (9, 10) , and neutrophils (11, 12) as well as on B lymphocytes (13) (14) (15) and resemble receptors for cytophilic antibody (3, 16, 17) . They react with antigen-antibody complexes, bind antibody independently of divalent cations, and appear to bind the Fc region of the Ig molecule (17, 18) . On lymphocytes, these receptors appear to differ from surface Ig (13) and complement binding sites (3, 19) . Nevertheless, it is by no means clear that some of these interactions are not due to a nonspecific affinity for lipid surfaces.
Ig are known to undergo a conformational change both during the formation of antigen-antibody complexes and upon heat aggregation. The combination of antigen with antibody has been visualized in the electron microscope as a "clicking open" of the Ig molecule (20) . The configurational change that occurs in the Ig molecule after both heat aggregation and Ag-Ab complex formation renders the protein biologically active with respect to complement fixation and the reactions of cutaneous hypersensitivity (21, 22 (12, 23, 24) , but the nature of this activity is as yet unclear.
Consequently, we have studied the interactions of Ig with liposomes, aqueous dispersions of phospholipids in the smectic mesophase (25) . At appropriate temperature and concentration, phospholipids form concentric lipid bilayers capable of ion discrimination. Operationally, the model membranes are separated by aqueous compartments which can trap various small molecules or ions, by virtue of the repulsive forces imposed on the membranes by the incorporation of either long-chain anions or longchain cations. These model membranes have been used to study the action of agents such as steroids, lytic proteins, and polyene antibiotics (26) (27) (28) , which react with liposomes much as with natural membranes. More recently liposomes have been used to demonstrate the interaction of various complement components with membranes (29, 30) .
The experiments described below were designed to test the hypothesis that Ig, conformationally altered by heat aggregation, would display enhanced capacity to interact with, and perturb, the membranes of liposomes as measured by passive diffusion of small molecules across the bilayers.
METHODS
Immunoglobulins. Normal IgG was prepared from Cohn fraction II by chromatography on DEAE cellulose (31) .
Mlyeloma proteins and macroglobulins were isolated either by starch zone electrophoresis, or by starch zone electrophoresis followed by chromatography on Sephadex G-200 (32) . Purity of all preparations was determined by immunoelectrophoresis (33) . Classes and subclasses were determined with specific antisera (34) as well as by chemical typing (35) . Fab and Fc fragments were prepared with papain and purified as described (36) . Heavy and light chains were prepared by reduction with 0.1 M 2-mercaptoethanol, followed by alkylation with 0.2 M iodoacetamide and purified by filtration on Sephadex G-100 in 1 M acetic acid.
Prepara.ion of liposomes. Liposomes were prepared by a slight modification of previously described methods (27, 28) . Suspensions with a net negative charge were prepared from a mixture of either lecithin-dicetylphosphate-cholesterol in a molar ratio of 7: 2: 1 or lecithin-dicetylphosphate in a molar ratio of 8: 2. Liposomes with a net positive charge were prepared from a mixture of lecithinstearylamine-cholesterol in a molar ratio of 7: 2:1. After the chloroform was completely evaporated, 6 ml of "swelling" solution (0.145 M K2CrO4, 0.29 M glucose) was added. Gentle shaking using a vortex mixer dislodged the lipid film from the walls of the flask. Next the lipid mixture (approximately 15 ,umol lipid/ml) was disrupted by 8 min of sonic oscillation in a Branson Automatic Cleaner (Model HD-50, Heat Systems Co., Melville, N. Y.), resulting in a turbid suspension of swollen, hydrated liposomes which was permitted to stand for 2 h. These suspensions were layered on top of a column of Sephadex G-50 (coarse), in the case of negatively charged dispersions, or Sephadex G-75 for positively charged dispersions. Liposomes were eluted from the columns (2.5 X 22 cm) with equimolar NaCl/KCl (0.145 total molarity). This procedure was used to separate the liposomes from marker which had not become trapped within the membranes.
The extent of release of ions or glucose from liposomes was determined by mixing 1 ml samples of the suspended spherules in small dialysis bags with various concentrations of complement-free, purified Ig or myeloma proteins dissolved in phosphate-buffered saline (PBS) (NaCl/PO4, Grand Island Biological Co., Grand Island, N. Y., No. 404-IX). Aggregated Ig was prepared by heating the dissolved native protein in a 61.5°C water bath for 10 min. The dialysis bags containing Ig and liposomes were placed in test tubes which contained 5.0 ml of 0.145 M NaCl/KCl and then incubated in a shaking water bath at 37°C. To determine the integrity of liposomes, release was measured of anions or glucose from bags containing the liposomes alone or liposomes + 0.2 ml of Triton X-100 (Rohm & Haas, Philadelphia, Pa.) (2% vol/vol); the detergent releases "total" sequestered ions or glucose. Leakage of marker from the bags into the saline was determined at 30, 60, and 90 min intervals. Chromate leak was measured by its absorbance at 370 nm. Glucose leak was determined by the glucose oxidase method (37) . In some experiments, the specific effect of aggregated fractions was expressed as the percentage (vs. controls at 90 min) of anions or glucose released by aggregated minus that released by native proteins.
Sucrose density gradient centrifugation. Native and aggregated IgG were layered on top of a sucrose gradient (12.5-25-37.5% sucrose) and sedimented in a Spinco Model L Ultracentrifuge (SW-39 rotor; Beckman Instruments, Spinco Div., Palo Alto, Calif.) for 21 h at 32,000 rpm. Fractions were collected from a pinhole in the bottom of the cellulose nitrate centrifuge tubes. Sucrose was removed by dialysis for 2-3 days against several changes of 0.145 M NaCl/KCl. Protein concentration in each of the fractions was determined by the Lowry method and immunoglobulins were localized by testing the fractions with antisera to IgG by Ouchterlony analysis. The fractions were adjusted to equivalent concentrations with PBS before testing their effect on liposomes.
Chromatography. To determine whether IgG became associated with lipid bilayers, native or aggregated IgG after gradient separation (see above) was mixed with either anionic or cationic liposomes. The IgG-liposome mixture (final concentration = 150 /g IgG/ml of liposome) was allowed to stand for 10 min at room temperature. The mixture was then placed on a Sepharose 4B column 2.6 X 45 mm (Pharmacia Fine Chemicals, Piscataway, N. J.) with 0.145 M NaCl/KCl to separate membrane-associated -protein from unbound material. (Fig. 3) .
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The effects of non-Ig protein on anionic liposomes
Bovine serum albumin (BSA) (Sigma Chemical Co., St. Louis, Mo.) was chosen to study the capacity of non-Ig proteins to release glucose trapped within negatively charged lipid bilayers. A 10 min period of aggregation at 66.50C was chosen because such aggregates most nearly resemble the size of IgG which had been aggregated for 10 min at 61.50C (39) . This period of aggregation did not render the BSA membrane active. Lengthening the time of heating to sixty minutes (Fig.  3) IgG. This indicated that native IgG contained aggregates and that native and aggregated fractions differed only in their relative concentrations of aggregates vs. monomers. Secondly, a distinctly greater release of anions or glucose from liposomes was observed after exposure to fractions II and III (Fig. 4) , which contained 15-20-s aggregates than with the lighter species (fractions VI and VII or the more denatured pellet).
Association of native and aggregated Ig with anionic and cationic liposomes
Resolution with Sepharose 4B. It has been shown previously that gel filtration (using Sephadex G-50 for anionic liposomes and Sephadex G-75 -for cationic liposomes) could be used to resolve the spherules from glucose and from lysozyme which had not become membrane associated (40) . An attempt to study the association between liposomes and IgG using the gels indicated that they could not be used to resolve the spherules from unassociated IgG. Subsequent experiments demonstrated that Sepharose 4B effectively resolved the lipid peak of both anionic and cationic liposomes from unassociated IgG (Fig. 5A-D) .
Interaction of anionic liposomes with native and aggregated IgG. Washed liposomes (from Sephadex G-50) were incubated for 10 min with either native or aggregated IgG (150 /Ag/ml of liposomes) and then subjected to chromatography in 0.145 M NaCl/KCl on a Sepharose 4B column. Native samples had previously been centrifuged as above and only the lighter species were employed. Depending upon the degree of resolution desired, 2.5-or 5.0-ml samples of eluate were collected. Liposomes were detected in these samples by virtue of their apparent absorbance at 520 nm. In all cases the liposomes appeared after the void volume, and the integrity of their membranes was checked by boiling them to disrupt their lamellar configuration and then measuring release of trapped anions or glucose (40) .
Approximately 98% of the recovered protein in both the native IgG-liposome and aggregated IgG-liposome mixtures became closely associated with the anionic membrane ( Fig. 5F and H) . These experiments demonstrated nonspecific association, presumably due to saltlike interactions between the anionic liposomes and cationic IgG. However, as in previous studies with the cationic protein melittin (27) and as shown above, saltlike interactions per se did not lead to marker release, which only followed exposure of anionic liposomes to aggregated IgG (see also Fig. 1) .
Interaction of cationic liposomes with native and ag- (27) or lysozyme (40 It is more difficult to relate our findings to the interaction of antigens with surface immunoglobulins on B cells, in which the Fc portions are presumably embedded in the mosaic surface membrane. If heat aggregation induces changes in Ig which resemble those induced by antigens, it is possible, however, that upon addition of Ag, the Fc regions of intramembranous IgG molecules may undergo a similar conformational change. In this way a "message" would be generated to the interior of lymphocytes, triggering these cells into the production of antibodies. Whatever the mechanism of this series of events, it is clear that studies of interactions between aggregated immunoglobulins with purified phospholipids may provide insights into these important biological functions.
